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The chemical reaction rate law in the ignition and growth model of shock
initiation and detonation of solid explosives is modified so that the
model can accurately simulate short pulse duration shock initiation.

The reaction rate law contains three terms to model the ignition of hot
spots by shock compression, the slow growth of reaction from these
isolated hot spots, and the rapid completion of reaction as the hot
spots coalesce. Comparisons for PBX 9404 between calculated and
experimental records are presented for the electric gun mylar flyer
plate system, the minimum priming charge test, embedded manganin
pressure and particle velocity gauges,
measurements for a wide variety of input pressures, rise times and pulse
durations. The ignition and growth model is now a fully developed

and VISAR particle velocity

Califorria

| phenomenological tool that can be applied with confidence to almost any

hazard, vulnerability or explcsive performance problem.

INTRODUCTION

As an integral part of our High Explosives
Research Program, the phenomenological ignition
and growth computer model of shock initiation
and detonation wave propagation has been
developed to simulate the available experimental
data and then to predict the hazard,
vulnerability, and performance of solid
explosives to various stimuli in complex
geometries. The original opne-dimensional
ignition and growth model successfully
calculated a great deal of experimental data on
several explosives including: embedded manganin
pressure gauge and particle velocity gauge data,
VISAR data, run distance to detonation versus
initial shock pressure data, and quantitative
failure initiation initiation data. After more
experimental data was obtained and the model
implemented in the two-and three-dim?gsional
versions of the Lagrangian DYNA code <), the
ignition and growth model was modified and
successfully applied to many one-, two- and
three- dimensional initiation and detonation
wave propag?gi?g)problems in explosives and
propellants In general, this concept of
dividing the chemical reaction rate into two
terms to describe the ignition of reaction by
shock compression in localized hot spots and the
subsequent growth of these hot spots to consume
the explosive charge has proved sufficient for
‘modeling sustained pulse shock initiation and
detonation wave reaction zo?e?. However, as
noted in the original paper 1 detailed
quantitative modeling of embedded gauge or VISAR
data from short pulse duration shock initiation
experiments was not possible unless the

coefficient for the growth of reaction was
ncreased by a factor of two or three. Although
such a relatively simple phenomenological model
can not be expected to perfectly simulate every
shock iniltiation and detonation experiment, it
is essential that the ignition and growth model
accurately model initiation caused by a wide
variety of input pressures, rise times and pulse
durationg. This paper describes the
modifications to the chemical reaction rate law
that were made to meet this requirement and the
parameters generated for the solid explosives
PBX 9404 {HMX-based) and LX-17 (TATB-based).
This paper also contains several examples of the
agreement netween the calculations and recent
experimental data {rom several laboratories an
PBX 9L04. Exampies of modeling short pulse
duration shock initiation of LX-17, shock
initiation of a cast explosive, detonation wave
propagatior #nd metal acceleration, and supra-
compression experimerts with the current
ignition and growth model are contained %n fng
sther papers preserited at this Symposium

THREE TERM REACTION RATE MODEL

During a review of embedd??5§auge data of
l.agrange Analysis of such data and of very
high shock Jressure, very short shock pulse
duration initiation data, it became apparent
that shock . nitiation of heterogeneous solid
explosives tust be modeled as at least a three

*ork performed under the auspices of the U.S.
Department f Energy hy the Lawrence Livermore
Nat.ional Lanoratory under contract No. W-7405-
ENC- 48,
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step process. The first step is obviously the
formation of hot spots created Ly various
mechanisms (void closure, viscous heating, shear
banding, etc.) during shock compression and the
subsequent ignition (or failure to ignite due to
heat conduction iosses) of these heated

regions. At relatively low inpuf shock
pressures, the ignition of a fraction of the
explosive on the order of the original void
fraction of the charge is sufficient to
calculate initiation/failure data and the
increase in shock front pressure at }T?reasing
depths in embedded gauge experiments® 7.
However, when modeling high input pressure,
short pulse duration experimgggs, such as the
minimum priming charge tesg'’ and initiation
by E?%? mylar flyer plates in the electric

gun , a larger fraction of the explosive must
be rapidly ignited, especlially with pressure
dependent reantion growth rates., Therefore the
ma’n change in the ignition term of the reaction
rate law was to lncrease the dependence of the
amount of explosive ignited on the degree of
shock compression, thereby igniting much more
explosive at high pressures approaching
detonatlon pressures and much less explosive at
Low input preasures of a few il hars,

The second step in the process is assumed
to be a relatively slow growth of reaction in
inward and/or outward "burning" of the isolated
liot spots.  Although this analogy witn
deflagration processes may not be strictly
appropriate under all shock initiation
conditions, embedded gauge and VISAR experiments
definitely show regions of relatively slow
pressure and particle velocity increases behind
the shock front. Modeling this portion of the
reactive flow as a pressure dependent burn with
an exponent near %?égy, as measured in deflagr-
ation experiments readily matches sustained
and short duration shock pulse data. 1In their
Lagrange,$%gge and modeling work, Wackerle and
Anderson®’'”‘ found that a simple spherical
inward grain burning model vielded a better
correlation with experimental data than a simple
spharical outward hole burning model. Obviously
the real situation of reacting hot spots is a
much more complex geometry, but 3 spherinal
in~ard grain burning form iz ised along with a
prassure exponent of one in the second or slow
groWwth term of the reaction rite law in this
paper.

The third step in the shoeck initiation
process 13 a rapid completion of the reaction as
the reacting hot spots begin to coalesce. Fast
decomposition of the remaining pockets of
unreacted explosive causes the rapid transition
to detonation observed in wedge te?t Sun
distance to detonatiocon experiments 20 . If each
hot spot i3 taken to be a sphere at the center
of a cube, then, when the diameter of the sphere
equals the length of a side of cube, the ratio
of volume of the sphnere to the volume of the
cube ig u/6 or 0.52. Therefore these idealized
"spherical hot spots in a box" would begin to
coalesce when the explosive is approximately

)

half-reacted. Even for a relatively low input
pressure of 2 GPa, the pressure exceeds 10 GPa
when the explosive is half-reacted, and all
conceivable reactive surface area generation
mechanisms will be rapidly occurring. This
rapid completion of reaction has been modeled in
two ways: as an Arrhenius rate law with a
realistic activation energy and realistic
issumptions about the temperature of the
unreacted explosive or as a pressure dependent
growth rate with an exponent of two or three to
match run distance to detonation data and to
yield the correct reaction zone width for self-
sustaining detonavion. In this phenomenological
model, the pressure dependent form is used to
represent the third part of the initiation
model: the rapid completion of reaction as the
turncver Lo detonation occurs.

Therafore the form of the chemical reaction
rate equation in the three term ignition and
growth mode’ is:

3F/3L - (1"F)b(p/|uo‘1—a)x* Gl(l—F)chpy
, ) (1)
v 0 (..—F‘)ngpZ
where F .s the fraction of the explosive that

has reacted, t is time, p_is the initial density
of the explosive, 1 is préssure in megabars, and
N G1, G, a4, b, o, d, e, g, x, ¥y, and Z are
constant:.  The parameter a 1s a critical
compress ion that is used to prohibit ignition
until a certain degree of compression (or a
certain input pressure) has been reached. In
most cases, the parameter y in the first growth
rate term ‘s set equal to one to represent a
deflagration process. The parameters b and ¢ on
the (1-F° terms in the ignition and first growth
terms are set equa to 2/3 to represent inward
spherica: grain burning. The parameters I and x
rontrol rhe amount of ignition as a function of
shock strength and duration, G1 and d control
the early growth of reaction following ignition,
ind G, and Z determine the high pressure
resction rates. Maximum and minimum values of F
nave been addes Lo the reaction rate computa-
tions so that each of the three rates can bhe
turned aff {or turned on) at appropriate

values. The ignition rate is set equal to zero
when © exceeds the parameter Figmax. The first
Zrowtnh rate 1s set equal to zero when F exceeds
the parameter FGWmax' The second growth rate is
rern Wwhet © i3 1i:ss than FGZmiﬂ.

The valuers of all the parameters used for
PBX 9404 and LX-"7 are listed in Table 1. The
unreacte ! and reaction product equations of
state for PBX G404 and LX-17 remain(%ge same as
those given by Tarver and Hallquist . The

mixture -~ules and methods of calculatio?lsemain
the same as 1n tne original description . The
cesults ol uging this three term rate law to

simulate many cxperiments on PBX 9UOY are
lescribed in the next section. Similar
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calculations of the available LX-17 exp?q%Tental plates, and the pressure decay behind the
data are contained in a companion paper . flyer is not as steep as assumed in the
calculations and more reaction can occur

TABLE 1 CHEMICAL REACTION RATE behind the main front, thus lowering thz
PARAMETERS FOR PBX 9UQY4 AND LX-17 initiation threshold. Care must also be
taken in defining detonation, because, in
Parameter (EQ.(1)) PBX 9404 LX-17 these experiments, a flash from Alp(SiFh);
coated on the rear face of explosive charge
1 (usec'1) f.43 X IU]I h,0 X 106 detects a shock wave pressure of approximately
b 0.667 0.667 20 GPa. The calculations show that it is
a 0.0 0.2? possible witn @ high initial shock pressurz
X 20.0 7.0 to obtain a @0 GPa shock front emerging from
G1 the expiosive rear boundary that is actually
(Mbar*s'Y usec_1) 3.1 0.6 slowly failing or slowly building toward
c 0.667 0.667 detonation. Considering these experimental
d 0.111 0.111 uncertainties, which must be considered when
y 1.0 1.0 calculating any experiment, the three term
G2 reaction rate model does a reasonably good
(Mbars™% usec™ ) 400.0 400.0 job 91 the eleztric gun data.
e 0.333 0.333
g 1.0 1.0 TABLE 2 VEILOCITY THRESHOLDS FOR MYLAR FLYER
A 2.0 3.0 INITLATION OF PBX QU404 IN THE ELECTRIC GUN
Figmax 0.2 0.5
FG1max 0.9 0.5 Fxperimental Calculated
Gomin 0.0 9.0 Mylar Flyer Velocity Velocity
Thickness (mm'  Threshold Threshold
Comparison of Calculations and Experimental (Km/s) (Km/s )
Results for PBX 9404
1,27 1.1 £+ 0.2 0.95 £ 0.05
1. High Pressure, Short Pulse Duration Tests 0.508 1.4 + 0,2 1.30 « 0.10
0.2%4 1.9 + 0.2 SU55 0+ 0,05
A good, overall quantitative test of a 0.1 7 2.6 + 0.2 2.95 ¢+ 0.05
reactive flow model is the one-dimensional 0.0 3.3 + 0.3 $.5% & 0.05
initiation/failure data generated by 0,025 4.2 + 0.3 3.95 + 0.05

accelerating various thicknesses of mylar by

electrically exploded alumi??y)foils, as 2. Min.mum Priming Charge Test

described by Weingart et.al: The decay

of the pressure behind the mylar foil A tougher iigh pressure, short shock pulse
depends on its acceleration history, the duration test for this model is the one-
amount of electrical energy used, and the dimengional, spherically divergent

presence of remaining aluminum vapor. For initiation of PBX 9404 by PETN—bas??F§XTEX
conservative modeling, the mylar flying in the minimum priming charge test:' -/,
plates are assumed to be fully accelerated Hemispheres of EXTEX of varying radii are
Wwith no vaporized material still centrally detonated and produce 20.5 GPa
accelerating them. The experimental peak pressure pulses with different Taylor
threshold velocities for six thicknesses of waves in the acceptor samples. The critical
mylar ranging from 1.27-mm to 0.02%-mm for railius for initiation of detonation is then
shock initiation of 19-mm thick PBX 9404 derermined. For PBX 9404 the 50% point for
charges are listed in Table 2, along withn shceek initiation is 0.19%5 cem of EXTEX. 1In
the calculated threshold velocities for moieling this test, a spherically divergent
comparison. The pressures produced by the Chapman Jouguet detonation wave in EXTEX
tninnest flyers may approach the von Neumann (= 1.54g/em?, D = 7.3 mm/ ps, P = 20.5
spike pressure of the explosive and the GPA? JWL coefficients : A = 5.39165 Mbars, 3
shock pulse duration may be only a few = 1.3334709 Mbars, R, = 4.f, RP = 1.1, w=
nanoseconds, so very finely zoned 0.4, Ey }.066 Mbars-cc/ca) is assumed to
calculations with 100 zones/mm in the impact finely zoned (100 zones/mm: PBY
explosive are necessary to accurately Judb . Figure 1 shows calculated pressure
resolve these shock fronts. The agreement profiles 1t various distances into PBX 9404
between the calculations and experiments is fora 0.4 ¢m radius EXTEX ~harge which
good at the higher pressures, where 20-30% Lllustrate tne failure to shock initiate the
of the explosive is ignited by the shock X 9404, Figure 2 shows similar profiles
front, and at the lower pressures where a for a 0.20 cm radius EXTEX charge which

few tenths of a percent of the explosive is 1l lustrate the successful initiation of
promptly ignited. At the two intermediate spherically divergent detonation in the PBX
pressures the calculations predict higher 9434,  The reactive flow model clearly has
threshold velocities than measured. the correct pressure, time duration and
However, in these experiments, considerable grometric dependences for successfu!

Aluminum vapor is still accelerating the 2 lzulations of this test.
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Fig. 2. aocaiatet pregiauce niatories in PBY

4404 for v U2 om o radiug minimam priming charge.

Sustained and Short Duration

Experiment.:

Lower Pressure
Embedde-! Gauge

Two ¢lassical
experiments on

sets ol embvedded gauge

PBX 9404 have beern done in
the 2.5-3.5 GPa initia! snock pressure range
to demonstrate the differences in the growth
to detunition for sustained sh?ggﬁduration
shock pulses. Wackerle et al. ’ placed
one manganin pressure gauge in each sample
and fired several PBx 9L0d4 samples with

gauges placed at difterent depths. The
experimental racords from these experiments
are superimposed in Figures 3 and 4 for a 3
GPa sustained shock and o 3 GPa, 0.33 us
shock pulsy, respeetively. The calculations

must be done =xactly as were the experiments,
since the finite thickness of a manganin gauge
(typically 1 mil of manganin foil sandwiched
between two & to 10 mi! thick layers »C
teflon, kapton, mylar or mica insuiation)
perturt the reactive [ This is
important i mwltig}g TaZ ANl gauge

/
axperiments: which severda'

does

LOW. even more

BAUuge:

at.oal.
ire placed in the same explosive sample.
“igures 3 and 4 also contain the calculated
wessure histories at the various gauge
nositions. The calculated pressures agree
~ell with Lhe gauge records up to the
srassures at which these gauges failed. The
atrulated run distances to detonation of 9.5-
i and 'Y-am for the sustained shoo< and the
L34 A se, respectively, agree Jith the
xperiment sl values of 3.5-mm and “4.5-mm. At
the T-mm Aag 3-mm gauge positions of Figure U,
“her ealculated shock front amplitude and
nitial rarefaction agree with the gauge
ecords bl subsequent pressures are Lower
han the gauge records indicate. [t .3
inffieuls. o determine whether this difference
vgo Lot Ly due to the reaction rate law or
shether part of the difference is due to the
urrent Atk of knowledge of the reaction
roducts equation of state and of the accuracy
f the mix ure assumptions in this pressure
1 temperature regime.  Since the ignition
it growsm model must aiso deseribe detonation
ait ino metal acceleration ahility correctly,
1. uses JW. equation of state for the reaction
roducts measured by expansion in detonation
wperimernts. There is no guarantee that this
quation of state accurately prediclts tne
rates sroducts generated in low pressure
hoek :nitiation experiments, but this is the
wssumpt ion that must be made in this general
urpose model, Tt should be mentioned that
LNgAnsh pressure gauges have undergone
urther .levelopment and currently can record
her entir: reactive flow process without
“ariing in both shock initiation ant full
ctonat.ian 72 7, 11?.

D

n the owher set of embedded gauge

:xperiments, multiple particle velocity gauges
easured the growth to detonation caused by a
astained 3 GPa shock pressure in Flgure 5, a

GPa, ps shock pulse from a dynasilt flyer
nokKigure 5, and a 2.2 GPa, 1 us shock pulse
romoa Kel F flyer in Figure 7. These

mbedded warticle velocity gauges have the
dvantage +hat they are much thinner than
1anganin gauges (typically 1 mil of aluminum
it om:l of teflon on each side), but the
lisadvantage that non-metallic flyer plates
ased.  Thus not all pressure regimes

y accessible and the non-metallic
nava eguations of state that are not
4 wel  understood as those of metals. These
xoerimentyl details are modeled as completely

1t hes
SE-E B

aterialn

g possihie in Figures 5, 6, and 7. The
igreemen. osetween the calculated and experi-
ential shoek front and subsequent growth in
“he sustained shock experiment in Figure 5 is
mive rinse, In the dynasil flyer experiment
shown 10 Fogure b, the caleculated shock front
cartic’e veloeity is high at the 14-mm gauge
owitcr and the calculated peak particle
elacity occurs early, thus implying 4

olght oy 2arly transition to detonatisn. By
e 270 mm rauge position, however, both the
(it > and the gauge record indicate that
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detonation has occurred. It should be
mentloned that the particle gauges used in
Figs. 5 and 6 recorded incorrect (low)
velocities only at full detonation. This
problem was solved by teflon insulation, as
demonstrated by(gub§§shed gauge records in
full detonation*'’ . In the Kel-F flyer
experiment shown in Fig. 7, the reactive flow
is building toward detonation but does not
quite make the transition in 22-mm sample of
PBX 9404. The calculations predict slightly
high particle velocities, particularly at the
14-mm position, and a transition to detonation
in less than 22-mm. Therefore it appears that
the model predicts slightly too much ignition
and early growth at these low input shock
pressures, perhaps due to the fact that the
unreacted equation of state does not fully
describe the dissipative process?S irst
measured by Kennedy and Nunziato in PBX
9404 below 3 GPa and also observed in_Lagrange
analysis of embedded gauge records

Mechanical dissipation processes or endo-
thermic chemical reactions can be added to the
model when they are identified and measured
quantitatively.

30

L T { | T [
Experimental | 5
25 |- xperimen I\
—~— Calculated NI \
20 |- | }\\
1N
Pressure 15
(GPa)
10
5 8 mm into
PBX 9404
0 |
0 05 10 15 20 25 3.0 35
Time (us)
Fig. 3. Pressure Histories for a ¢ JPa sustained
shock wave in PBX 9404

al.
12
[ | T |
A
10 Experimental | —
~— —— Calculated |
8 Experimental run | —
Distance to detonation = 14.5 mm
Pressure
7 mm into 4,
4 PBX 9404 = J ]
A
15?2"’ ‘
21 — | Detonates; ]
11}3 5 at 15 mm
0 L L L L
o 1 2 3 4
Time (us)
Fig. 4. Pressure histories for a 3 GPa, 0.33us

shock pulse into PBX 9U0Y

1 T I |
1.8 Experimental A
1.6 — — — Calculated \
1.4 -
Particle 1.2
velocity 0
{(mm/us) B
06
0.4~ mminto
0.2 |-PBX 9404)q |2
|
0 1
Time (us)
Fig. 5. Particle veloecity histories for a
sustaine! 3.5 GP: shoeck wave inlo PBX QU404
3.0 T T T 1 T
25} \
h n
I
20— Experimental : \ "1
Particle — — — Calculated )
velocity 1.5 |- | _*
{mm/pus)
|
10 .
0.5 - \
22 mm into
o 4 | \PBXLM
0 1 2 5 6
Time (us)
Fig. 6. ‘Frarticle velocity histories for a dynasil

5

flyer plats short duration shock pulse in PBX 9404
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0 T 1T 1T T T 1T T 11
Experimental ,\

25 _ Calculated

20} :
Particle | \
velocity 1.5 |-

{us) |
|

1.0 |- Distance into
PBX 9404

o5} 04

01 23 4 5 6 7 8 9
Time (us)

Fig. 7. Particle velocity histories in PBX %404
for a Kel-F flyer plate short :duration shock
pulse.

4. VISAR Records of Various Initiation
Experiments on PBX 9L0Y

In an imaginat%ve segies of experiments on PBX
404, Setchell 3-25) neasured the growth of
reaction in PBX 9404 subjected to several
types of input stresses using a VISAR particle
velocity measurement technique. Setchell used
various combinations of flyer plate and buffer
materials in front of the explosive samples to
produze short duration shock pulses with
different unloading histories, ramp waves, two
step shocks, ramp/shock loading, and low
amplitude precursor/shock loading. These
experiments produced sets of particle velocity
histories for various thicknesses of PBX 9404
that represent excellent tests for computer
modeling. Besides testing the reactive flow
modél, these experiments also test the complex
material models for the flyer plate, buffer
and window materials: fused silica, sapphire,
copper, pyroceram, 606!-Th aluminum, tungster,
and aven the carbon foam backing on the
impactors. The VISAR records are very
accurate measurements of the ignition and
early slow growth of reaction, but are limited
to stresses below 7.5 GPa in PBX 9404 because
of a phase transition at 9.4 GPa in the fused
silica window behind the explosive sample. To
test the effect of different unloading
histories on the growth of reaction in a gho
duration shock pulse experiment, Setchell 23
impacted PBX 7404 with fused silica (fast
unloaaing) and sapphire {(slow unloading) to
produce 3.2 GPa, 0.37 ups initial shock
pressures. The resulting particle velocity
histories are shown in Figure 8 for 2, 4, 6
and 10mm of PBX 940N impacted by fused silica
and in Figure 9 for 2, 4, 6 and 8mm samples
impacted by sapphire. The slower unlcading
properties of sapphire obviously allowed more

rt

al.

Particle
velocity
{(mm/pus) 02

reaction to occur and thus higher particle
velocities were recorded. Figures 8 and 9
also contain the catculated particle veloclty
histories for each of the eight experiments.
In the case of fused silica impact in Fig. 8,
the initial shock pulse and unloading are well
modeled 3ince the 2-mm records agree

closely. At greater depths, the calculated
initial particle velocities are higher than
measured, due to slightly too much ignition or
a lack of dissipation processes, and the later
portions of the calculated records are
generally slightly lower than the
measurements. The late time agreement in the
10-mm experiment is very good. In the case of
sapphire impact in Fig. 9, much less shock
front decay ls observed and the calculated
initial particle velocities are in better
agreement. Agdain the calculated particle
velocities are generally slightly lower than
the experiments records, but the overall more
rapid growth for sapphire impact is reproduced
Iy the calculatlons shown in Fig. 9.

0.5 | T T T T

031

7

01l .2 mm

Experimental

= — — = Calculated

| | 1 ] |
0 0.5 1.0 15 2.0 25 3.0

Time (us)

Fig. 8. Particle velocity histories in PBX 9404
for "used siiira flyer plate experiments.

1.2

ol -

08} —
Particle |
velocity 0.6 —
{(mm/us)

0.2} =ee Experimental —

= =e  Calculated
) 1 | L i
0 0.4 0.8 1.2 1.6 20 24
Time (us)

Fig. 9. Particle velocity histories in PBX 9u04
for ~he sapphire flyer plate experimenta.
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The same relationship between experimental

and calculated particle velocity histories is
observed for Setchell's experiments in which 6061-
T6 aluminum is placed in front of PBX 9404
producing a low(g@glitude precursor which precedes
a 3.5 GPa shock . The comparisons for 1.5, 4
and 6mm of PBX 9404 are shown in Figure 10.
However, this relationship does not always hold,
as shown in Figure 11, which contains comparisons
at 2, 3, 4 and 5mm depths for the case of
"ramp/shock" loading. A 2 GPa, 0.5 ps ramp
receding a 5 GPa shock is produced by using a 19mm
thick fused silica buffer ahead of the PBX 9404,
In Fig. 11, the calculations lie slightly above
the experimental records at 2, 3 and Ymm and
slightly below at 5mm. For the case of a two step
shock produced by a composite flyer plate of fused
silica and tungsten (25), the calculations predict
slightly higher particle velocities than measured
at 2, 3 and 4mm of PBX 9404, as shown in Fig. 12.

1-2 T r
1.0 —
08— —J
Particle
velocity 0.6 — —
{mm/us) mm
04| —
0.2} Experimental —|
= === Calculated
0 B IR R S T S B
0 02 04 06 08 10 1.2 14
Time (us)
Fig. 10. Particle velocity histories in PBX 9404

for 3.5 GPa shocks preceded by low amplitude
precursors,

1.0 1
08
4 mm
0.6 —
Pearticle
velocity 3 mm

{mm/us) 0.4 —

E xperimental

0.2~ — — — Calculated
0 i |
0 0.2 0.4 0.6 0.8 1.0
Time (us)
Fig. 11. Particle velocity histories in PBX 9uQl

for the ramp/shock experiments.

eL.,

al.
1.0
08—
. 0.6
Particle B Initial wave
velocity ,’
{(mm/us) 0.4+ _J ]
0.2 Experimental —1
— ——Calculated
J 1 J; A L - L A
0 0.2 04 0.6 0.8
Time {us)
Fig. 12. Particle velocity histories in PBX 9404

for the two step shock loading experiments.

The final three comparisons with Setchell's
data are shown in Figs. 13, 14 and 15 for the
cases of slow rising (0.8 ps) ramp waves, faster
rising (0.3 ps) ramp waves, and sharp shock
loading to a final pressure of 5.1 GPa,
respectively (24). The calculations accurately
predict the initial ramp wave loadings in Figs. 13
and 14. In the slow ramp case in Fig. 13, the
calculated particle velocities are low at 1.5 and
?-mm and then high at 3, 4 and 5mm. In the fast
ramp and shock cases of Figs. 14 and 15, respect-

ively, the calculated particle velocity nistories
are all slight.y lower than the VISAR records.
| 1 T l T
1.0+ L 5mm —
0.8
Particle 0.6}—
velocity
(mm/us)
041
Experimental
0.2} — — — Calculated ﬁ
0“! | | I | 1 |
0 02 04 0.6 0.8 1.0 1.2
Time {us)
Fig. 13. Particle velocity histories in PBX 3404

for the slow ramp wave experiments.

The main result of these comparisons is that
the three reaction rate law for PBX 9404 does a
good overall job of describing initiation under a
wide range of loading and unloading conditions.
Further small modifications in the ignition and
early growth rates, plus the inclusion of energy
dissipation terms in the unreacted equation of
stare, would result in slightly improved agreement
in various pressure and time regimes. However,
the current agreement certainly demonstrates the
soundness of rthis modeling approach.
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Fig. '4. Particle veiocity histories in PuX S40%
for tne fast vamp wave experiments.
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Fig. 15. Particle velocity histories in PBX 940U
for the 5.1 GPa sustained shock experiments.

One other interesting comparison between a
embedded gauge experiment and a PBX 9404 reactive
flow calculation is currently available. Many
nazard and vuinerability scenarios for explosives
invnlve two or more shocks separated in time by
various unloading processes. In Lhe experiment
shown in Fig. 16, embedded particle velocity
gauges at 0, 4, 7, 12 and 20mm depths measured the
double shocks produced by the impact of a
composite flyer consisting of twc ceramic plates
separated by low density carbon foam. The growth
of reaction during the time between shocks and
after the second shock produces a complex wave
structure that is approaching the transition to
detonation after 20mm of propagation. The
calculated particle velocity histories are also
shown in Fig. 16. The double shock structure is
evident tut the calculated particle velocities
behind the first shock are low and the second
shock arrivals are later in time than measured,
This most likely results from an incomplete
understanding of tne equation of state of the
ceramic flyer and buffer plate waterial and of the
density and thickness of the rcompressible carbon

et .

al.

foam when impact actually occurs. More
experiments of this type should enable us to
understand these materlals and to "fine tune" the
ignition and growth coefficients for reliable

multipl~ a3hock scenario predictions.
20 T T 1 [ | T T
18} . A —
16 Experimental =|
’ ~ = == Calculated ,“
14 — 1y —
12 : \‘ _
Partu?le 10+ Iy
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0.8 |-
tmm/us) Distance |
0.6 [’ into -ﬂ
04 - PBX 9404 |
0.2 —
0 20 mm
o} 4 )
0.2 [N N S S S N F . 5
0 1 2 3 4 5 6 7 8
Time {us)
Fig. 16. Particle veloclity histories in PBX 9404

for a double 3eparated shock experiment.

CONCLUSIONS

results presented in this paper show that
the use of a three term chemical reaction rate
2quaticn in the phenomenclogical ignition and
growth model yields good overall agreement with a
large coilection of shock initiation data on PBX
9404 from three iaboratories. Therefore we now
nave a general purpose model that can be used with
confidence to simulate most initiation

scenar.os. Obviously the coefficlents ir the
model can ne further modified to improve the
agraement Wwith existing and future data. As a by-
sraduc s of thiz work, the consistent agreement of
the ca . cailations with the various experimental
techni ;uss (embedded manganin pressure gauges,
embedds=d particle velocity gauges and VISAR'
implie= that the three techniques are all

accura ely recording the effects of the shock

init.a ion process.

Wt the completion of the phenomenological
mode: . shock initiation, the direction for
futdre work s tne development of more
fundamental, microscopic models that describe
actual [zniticn and growth processes. These
models are needed to predict the effects of

partic.e size and initial temperature on shock
initia~ion. Our first step in this direction is
the statistica’ not spot model, which contains a
critical not spot size parameter and does
accuvapﬁlv 3.mulate particle size effects in

TATB' "', This model has recen?%¥)been made
eniirely temperature dependent and represents
the st ting point For the next generation of

shoek - iviari or models for solld explosives.
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